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Abstract: In this paper, the multi-objective optimum design of shell and tube heat
exchangers is investigated. A thermal modelling of an industrial shell and tube heat
exchanger is performed using an e-NTU method for estimating the shell side heat
transfer coefficient and pressure drop. The efficiency and total cost (includes the
capital investment for the equipment and operating cost) are two important
parameters in the design of heat exchangers. The fixed parameters and the ranges of
the design variables are obtained from a shell and tube recovery heat exchanger in
Barez tire production factory located in Kerman city, Iran. The Imperialist
Competitive Algorithm (ICA) is used to find the optimal design parameters to
achieve the maximum thermal efficiency and minimum consumption cost as the
objective functions. The tube inside and outside diameters, tube length and the
number of tubes are considered as four design variables. Furthermore, the effects of
changing the values of the design variable on the objective functions are
independently investigated. At the end, the obtained Pareto front and the related
design variables and their corresponding objective functions are presented.
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1 INTRODUCTION

Shell and tube heat exchangers are widely used in many
industrial power generation plants as well as chemical,
petrochemical, and petroleum industries. There are
several effective parameters of design variables for the
shell and tube heat exchanger design such as tube
diameter, tube arrangement, etc. For an optimum design,
in addition to the decision variables, objective functions
should be properly determined. Some authors
considered the cost of heat transfer surface area or
capital investment as an objective function to be
minimized [1-2]. While others considered the sum of
investment (related to the heat transfer surface area) and
operational (fluid head losses) costs as an objective
function for optimizing a shell and tube heat exchanger.
The optimum design parameters that affect the shell-
tube heat exchangers can be regarded as the external and
internal diameter, length and number of tubes [3-4].
Several researchers have addressed the shell-tube heat
exchanger design and optimization. Multi-objective
optimization of total annualized cost and the amount of
cooling water required for shell and tube heat exchanger
was studied in [5].

In this paper, at first, the thermal modelling of an
industrial shell and tube heat exchanger (using the e-
NTU method for estimating the shell side heat transfer
coefficient and pressure drop) is studied. Then, the
exchanger is optimized by maximizing the efficiency as
well as minimizing the total cost. The Imperialist
Competitive Algorithm (ICA) is applied to provide a set
of Pareto optimum solutions. The sensitivity analysis of
changing in the optimum values of the efficiency and
total cost with changing in the design variables is
performed and the results are reported. It should be noted
that the fixed parameters and the ranges of the design
variables are obtained from a shell and tube recovery
heat exchanger in Barez tire production factory located
in Kerman city, Iran.

2 THERMAL MODELING

The heat exchanger efficiency for the selected E type
TEMA shell and tube heat exchanger is estimated from

[6]:

2

 aro)+ coth(@w/(1+C*2))1/(1+C*2)

)

Where the heat capacity ratio (C*) and the number of
transfer units (NTU) are defined as:

NTU,,, =RAt )

max cmin

© 2018 IAU, Majlesi Branch

_Cmin _ min(Cs,Ct) _ min((m°Cp)s,(m°Cp)t)

*_ —_— —_—
C Cmax  max(Cs,Ct) max((m°Cp)s,(m°Cp)t)

©)

Where A, is the total tube outside heat transfer surface
area and U, is the overall heat transfer coefficient which
are computed from:

A=miLd N, 4
Up= - 5)
071  doln(do/di) , ,. do  1do
s T RO +RUf G+

Where L, Ny, d;, do, R, Rof K¢ are the tube length, the
number of tubes, the inside and outside diameters of the
tube, tube and shell side fouling resistances and thermal
conductivity of tube wall respectively. Also, the tube
side heat transfer coefficient (h,) was estimated from

[6]:
ht:(kt/di)0.024Re?-3pr?.4 ©

Where k, and Pr, are tube side fluid thermalconductivity
and Prandtl number, Also Re, is Reynolds number of
tube flow which is defined as:

mt d;
Re;=— ©)
t
HtAo ¢

Where m, is the mass flow rate and A, is the tube side
flow cross section area per pass estimated as:

A,=0.25md{ N¢/np (8)

And n,, is the number of tube passes.
The shell diameter is estimated from [7]:

D, = 0.637P,/TN,CL/CTP 9)

Where P, is tube pitch and CL is tube layout constant that
has a unit value for 45° and 90° tube arrangement and
0.87 for 30° and 60° tube arrangements. Also, CTP is the
tube count constant which is 0.93, 0.9, 0.85 for single
pass, two passes and three passes of tubes, respectively
[8].

The shell side heat transfer coefficient is calculated as
follows:

hS = hid]C]]]b]s]r (10)

Where hy, is the j factor for a category ideal Celeron and
Jo ) )y Jsand ] are the correction factors for baffle

configuration (cut and spacing), baffle leakage, bundle
and pass partition by pass streams, bigger baffle spacing
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at the shell inlet and outlet sections, and the adverse
temperature gradient in the laminar flow, respectively

[9].

3 OBJECTIVE FUNCTIONS, DESING VARIABLE
AND CONSTRAINTS

In this study, the efficiency and total cost are considered
as two objective functions. The total cost includes the

investment cost of heat transfer surface area (C;,) as well
as the operating cost for the pumping power (C,,).

Ctotal:Cin + Cop (11)

The investment cost for both shell and tube (stainless
steel) is [10]:

Cin = 8500 + 409A%85 (12)

Where A, is the total tube outside heat transfer surface
area.

The total operating cost related to pumping power to
overcome friction losses of both hot and cold streams is
computed from [11]:

C
Cop= EL(H(;)]( (13)
Co=P Kgqt (14)
1 m¢ mg
== (L AP+ =
P 5 AP, o AF) (15)

Where ny is the equipment life time in year, i is the
annual discount rate K, T and n are the price of the
electrical energy, the hours of the operation per year and
the pump efficiency, respectively.

design variables on the efficiency and total cost is shown
in “Fig. 1 to Fig. 10”. In this study, the equipment life
period is ny =10 yr, the rate of the annual discount is

i=10%, the price of the electricity is K,;=0.12 $/kWh and
the hours of operation and the pump efficiency are
considered as t=7100 h/yr and n=0.6, respectively.

Table 1 The operating conditions of the shell and tube heat
exchanger (input data for the model).

Thermo physical and Shell side Tube side
process data (hot stream) (cold stream)
(oil) (water)
Density (kg/m3) 856 995
Specific heat (j/kg K) 2113 4120
Viscosity 0.0651 0.00068
Thermal conductivity 0.12 0.638
(W/m K)
Fouling factor 0.00015 0.0000798
(m?W/K)

Table 2 The heat exchanger parameters measured in Barez
tire factory

Row Variables Measured value
1 Tube inside diameter 0.012
(m)
2 P./do 2.86
3 Tube length (m) 0.6
4 Tube number 28
5 Tube outside diameter 0.014
(m)
6 h; (W/m? k) 6726/45
7 hg (W/m? k) 587.78

4 CASE STUDY

The characteristics of the considered system are in
agreement with those of an oil cooler shell and tube heat
recovery heat exchanger in Barez tire production factory
located in Kerman, Iran. The objectives are the
maximization of the efficiency and minimization of the
total cost. The oil (hot stream, C,=2113j/kgk) mass
flow rate is 2.65 kg/s with 53.7°C inlet temperature
which enters the shell side. The fresh water (cold
stream, C,=4120; /kg k) with a 5.25 kg/s mass flow rate
at 38.3°C which enters the tube side. The other operating
conditions are listed in “Table 1”. The heat exchanger
constant parameters have been measured in the factory
and are listed in “Table 2”. The effectiveness of the

0.03 i i i i i

2 2 P 2 28 30 2
Nl
Fig. 1 The effect of the number of tubes (N) on the thermal
efficiency (€).
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Fig. 2 The effect of the tube length (L) on the thermal
efficiency (€).
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Fig. 3 The effect of the tube inside diameter (d;) on the
thermal efficiency (€).
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Fig. 4 The effect of changing the tube outside diameter (d,)
on the thermal efficiency (€).
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Fig. 5 The effect of changing the tube number (N;) on total
cost (Ctotal)-
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Fig. 6 The effect of the tube length (L) on the total cost
(Ctotal)-
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Fig. 7 The effect of the tube inside diameter (d;) on the total
cost (Ctotal)-
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Fig. 10 The effect of the tube side pressure (AP;) on the total
cost (Ctotal)-

5 THE IMPERIALIST COMPETITIVE ALGORITHM

The Imperialist Competitive Algorithm (ICA) is a
computational method that is used to solve different
types of optimization problems [12-13]. Like most of the
methods in the area of evolutionary computation, the
ICA does not need the gradient of the function in its
optimization process. From a specific point of view, ICA
can be regarded as the social counterpart of genetic
algorithms (GAs) [14-15]. ICA is the mathematical
model and computer simulation of human social
evolution, while GAs are based on the biological
evolution of species. Figure 11 shows the flowchart of
the ICA. This algorithm starts by generating a set of
candidate random solutions in the search space of the
optimization problem. The generated random points are
called the initial countries. Countries in this algorithm
are the counterpart of chromosomes in GAs and particles
in Particle Swarm Optimization (PSO) [16-17].

Is there an empire with |
Imperialistic competition ————— 0 coloies
- - J
Initialize the empires s
Compute the total cost of all empires  #+— —l—

Eliminate this empire

1
Unite similar empires

Assimilate colonies

[

Revolve some colonies

Exchange the positions of that
imperialist and the colony

{ . .
Is there a colony in an empire Yes
which has lower cost than that of Yes |
the imperialist " End

_

No -

No
Fig. 11 The flowchart of the ICA.

The cost function of the optimization problem
determines the power of each country. Based on their
power, some of the best initial countries (the countries
with the least cost function value), become Imperialists,
which control other countries (called colonies) and form
the initial Empires. Two main operators of this algorithm
are assimilation and revolution. Assimilation makes the
colonies of each empire get closer to the imperialist state
in the space of socio-political characteristics. Revolution
brings sudden random changes in the position of some
of the countries in the search space. During assimilation
and revolution, a colony might reach a better position
and has the chance to control the entire empire and
replace the current imperialist state of the empire.
Imperialistic Competition is another part of this
algorithm. All the empires try to win this game and take
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possession of colonies of other empires. In each step of
the algorithm, based on their power, all the empires have
the chance to control one or more of the colonies of the
weakest empire. The algorithm continues with the
mentioned steps (Assimilation, Revolution,
Competition) until a stop condition is satisfied. The ICA
is used to solve different optimization problems in
various areas of engineering and science, such as:
designing a controller for industrial systems designing
[18], intelligent recommender systems [19], fuzzy
controller design [20], solving optimization problems in
communication systems [21-23], solving scheduling and
production management problems [24-30], training and
analysis of artificial neural networks [31], design and
thermodynamic  optimization of plate-fin  heat
exchangers [32], feature selection [33] and so on [34-
37].

6 THE MULTI-OBJECTIVE OPTIMIZATION
APPROACH

In this paper, the method of weighting coefficients is
used to solve the multi-objective optimization problems
[38]. In other words, the two objective functions are
combined using weighting coefficients with each other
and make a final function. The value of the weighting
coefficient of the objective function depends on its
importance. In fact, the more important objective
function has a greater weighting coefficient. Hence, this
multi-objective optimization problem is converted into a
single objective problem. F(x) is the total objective
function as follows:

F(x) = 3, wiF; () (16)
T w =1 (17)

k is the number of objective functions, w; is the i-th
weighting coefficient, and F,(x) is the i-th objective
function. The values of the weighting coefficients
determine the importance of the objective functions and
make a new total objective function. Therefore, via the
weighting coefficients changing, the total objective
function (F(x)) would be changed and a new point of the
Pareto front [39-40] would be obtained.

to be maximized and minimized, respectively. The
design variables are tube inside diameter, tube outside
diameter, tube length and the number of tube. A
population size of 100 was chosen with 10 empires and
100 maximum iterations. Figure 12 depicts the obtained
non-dominated optimum design points as a Pareto front
of the objective function. In this figure, points A and B
stand for the best efficiency and total cost, respectively.
It is clear from this figure that all the optimum design
points in a Pareto front are non-dominated and could be
chosen by a designer as the optimum shell and tube heat
exchanger.

It is also clear that choosing a better value of any
objective function in a Pareto front would cause a worse
value for another objective. The values of objective
functions related to the Pareto optimum points are
illustrated in “Table 3”.
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Fig. 12 The Pareto front of the optimum points.

Table 3 The value of weighting coefficients, total objective
functions, efficiency and total cost of the optimum points
shown in “Fig. 12”

7 SIMULATION AND RESULTS

The proposed multi-objective imperialist competitive
algorithm is used for Pareto multi-objective
optimization of the shell and tube heat exchanger existed
in the Barez tire company. The objective functions have
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w;y | w, | Total objective € Ctotal
function
1 0 1 8557.2618 0.0066279 | 8557.3
2 |01]09 7712.9232 0.0087815 | 8557.3
3 102|038 6868.5847 0.0087815 | 8557.3
4 |03]07 6024.2461 0.0087815 | 8557.3
5 | 04]06 5178.0168 0.011117 | 8570.1
6 | 05|05 4328.3894 0.013817 | 8584.4
7 10604 3475.6279 0.017166 | 8601.7
8 | 07103 2619.5815 0.021733 | 8624.6
9 |08]02 1759.5508 0.028949 | 8659.6
10 | 09 | 0.1 893.4214 0.044423 | 8731.6
11| 1 0 101.1900 0.098824 | 8973.3
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8 CONCLUSIONS

The thermal modeling and optimum design of shell and
tube heat exchangers were presented in this paper. A
multi- objective imperialist competitive algorithm was
applied to obtain the maximum efficiency and maximum
total cost. The effects of the design variables on the
objective functions were analyzed. The results of the
optimum design as the Pareto optimum solution were
presented.

ACKNOWLEDGMENTS

The employees of Kerman rubber complex, especially
Mr Isa Tahmasbi, manager of the two factories, and his
co-worker Afshin Rodari, who have contributed a lot to
measure parameters and specifications of heat
exchangers, will be appreciated.

REFERENCES

[1] Costa, L. H., Queiroz, M., Design Optimization of Shell-
and-Tube  Heat Exchangers, Applied Thermal
Engineering, VVol. 28, 2008, pp. 1798-1805.

[2] Ramananda Rao, K., Shrinivasa, U., and Srinivasan, J.,
Synthesis of Cost Optimal Shell and Tube Heat
Exchangers, Heat Transfer Engineering, Vol. 12, No. 3,
1991, pp. 47-55.

[3] Ponce-Ortega, J. M., Serna-Gonzalez, M., Salcedo-
Estrada, L. I, and Jimenez-Gutierrez, A., Minimum-
Investment Design of Multiple Shell and Tube Heat
Exchangers Using a MINLP Formulation, Chemical
Engineering Research and Design, Vol. 84, No. 10, 2006,
pp. 905-910.

[4] Ponce-Ortega, J. M., Serna-Gonzalez, M., and Jimenez-
Gutierrez, A., Use of Genetic Algorithms for the Optimal
Design of Shell-and-Tube Heat Exchangers, Applied
Thermal Engineering, Vol. 29, 2009, pp. 203-209.

[5] Agarwal, A., Gupta, S. K., Jumping Gene Adaptations of
NSGA-II and their Use in the Multi-Objective Optimal
Design of Shell and Tube Heat Exchangers, Chemical
Engineering Research and Design, Vol. 86, 2008, pp. 123-
139.

[6] Sanaye, S., Hajabdollahi, H., Multi-Objective
Optimization of Shell and Tube Heat Exchangers”,
Applied Thermal Engineering, Vol. 30, 2010, pp. 1937-
1945.

[7] Taborek, J., Industrial Heat Exchanger Design Practices,
Wiley, New York, 1991.

[8] Kakac, S., Liu, H., Heat Exchangers Selection Rating, and
Thermal Design, CRC Press, New York, 2000.

[9] Shah, R. K., Sekulic, P., Fundamental of Heat Exchanger
Design, John Wiley & Sons, 2003.

[10] Taal, M., Bulatov, I., Klemes, J., and Stehlik, P., Cost
Estimation and Energy Price Forecasts for Economic
Evaluation of Retrofit Projects, Applied Thermal
Engineering, Vol. 23, 2003, pp. 1819-1835.

[11] Caputo, A. C., Pelagagge, P. M., and Salini, P., Heat
Exchanger Design based on Economic Optimization,
Applied Thermal Engineering, Vol. 28, 2008, pp. 1151-
1159.

[12] Atashpaz-Gargari, E., Lucas, C., Imperialist Competitive
Algorithm: an Algorithm for Optimization Inspired by
Imperialistic ~ Competition, IEEE  Congress on
Evolutionary Computation, 2007, pp. 4661-4666.

[13] Nazari-Shirkouhi, S., Eivazy, H., Ghodsi, R., Rezaie, K.,
and Atashpaz-Gargari, E., Solving the Integrated Product
Mix-Outsourcing Problem by a Novel Meta-Heuristic
Algorithm: Imperialist Competitive Algorithm, Expert
Systems with Applications, Vol. 37, No. 12, 2010, pp.
7615-7626.

[14] Mahmoodabadi, M. J., Taherkhorsandi, M., and
Talebipour, M., Adaptive Robust PID Sliding Control of a
Liquid Level System based on Multi-Objective Genetic
Algorithm  Optimization, Journal of Control and
Cybernetics, Vol. 46, No. 3, 2017, pp. 227-246.

[15] Mahmoodabadi, M. J., Nemati, A. R., A Novel Adaptive
Genetic  Algorithm for Global Optimization of
Mathematical Test Functions and Real-world Problems,
Engineering Science and Technology, an International
Journal, Vol. 19, No. 4, 2016, pp. 2002-2021.

[16] Mahmoodabadi, M. J., Taherkhorsandi, M., Optimal
Robust Design of Sliding-mode Control based on Multi-
Objective Particle Swarm Optimization for Chaotic
Uncertain Problems, International Journal of Advanced
Design and Manufacturing Technology, Vol. 10, No. 3,
2017, pp. 115-126.

[17] Farokhi, A., Mahmoodabadi, M. J., Optimal Fuzzy Inverse
Dynamics Control of a Parallelogram Mechanism based on
a New Multi-Objective PSO, Cogent Engineering, Vol. 5,
No. 1, 2018, pp. 1-20.

[18] Atashpaz-Gargari, E., Rajabioun, R., Hashemzadeh, F.,
and Salmasi, F. R., A Decentralized PID Controller based
on Optimal Shrinkage of Gershgorin Bands and PID
Tuning Using Colonial Competitive  Algorithm,
International  Journal of Innovative = Computing,
Information and Control, Vol. 5, 2009, pp. 3227-3240.

[19] Sepehri Rad, H., Lucas, C., Application of Imperialistic
Competition Algorithm in Recommender Systems, In
Proceedings of the 13th Int'l CSI Computer Conference,
Kish Island, Iran, 2008.

[20] Jasour, A., Atashpaz-Gargari, E., and Lucas, C., Vehicle
Fuzzy Controller Design Using Imperialist Competitive
Algorithm, Second Iranian Joint Congress on Fuzzy and
Intelligent Systems, Mashhad, Iran, 2008.

[21] Khabbazi, A., Atashpaz-Gargari, E., and Lucas, C.,
Imperialist Competitive Algorithm for Minimum Bit Error
Rate Beam Forming, International Journal of Bio-Inspired
Computation, Vol. 1, 2009, pp. 125-133.

© 2018 IAU, Majlesi Branch



82 Int J Advanced Design and Manufacturing Technology, Vol. 11/ No. 3/ September - 2018

[22] Alikhani Koupaei, J., Abdechiri, M., An Optimization
Problem for Evaluation of Image Segmentation Methods,
International Journal of Computer and Network Security,
Vol. 2, No. 6, 2010, pp. 142-149.

[23] Sayadnavard, M. H., Haghighat, A. T., and Abdechiri, M.,
Wireless Sensor Network Localization Using Imperialist
Competitive  Algorithm, 3rd IEEE International
Conference on Computer Science and Information
Technology, 2010.

[24] Jolai, F., Sangari, M., and Babaie, M., Pareto Simulated
Annealing and Colonial Competitive Algorithm to Solve
an Offline Scheduling Problem with Rejection, Journal of
Engineering Manufacture, Vol. 224, No. 7, 2010, pp.
1119-1131.

[25] Shokrollahpour, E., Zandieh, M., and Dorri, B., A Novel
Imperialist Competitive Algorithm for Bi-Criteria
Scheduling of the Assembly Flowshop Problem,
International Journal of Production Research, Vol. 49, No.
11, 2011, pp. 3087-3103.

[26] Forouharfard, S., Zandieh, M., An Imperialist Competitive
Algorithm to Schedule of Receiving and Shipping Trucks
in Cross-Docking Systems, International Journal of
Advanced Manufacturing Technology, Vol. 51, No. 9,
2010, pp. 1179-1193.

[27] Karimi, N., Zandieh, M., and Najafi, A. A., Group
Scheduling in Flexible Flow Shops: A Hybridised
Approach of Imperialist Competitive Algorithm and
Electromagnetic-Like Mechanism, International Journal of
Production Research, Vol. 49, No. 16, 2011, 4965-4977.

[28] Bagher, M., Zandieh, M., and Farsijani, H., “Balancing of
Stochastic U-Type Assembly Lines: an Imperialist
Competitive Algorithm, International Journal of Advanced
Manufacturing Technology, Vol. 54, No. 1, 2010, pp. 271-
285.

[29] Sarayloo, F., Tavakkoli-Moghaddam, R., Imperialistic
Competitive Algorithm for Solving a Dynamic Cell
Formation Problem with Production Planning, Advanced
Intelligent Computing Theories and Applications, Lecture
Notes in Computer Science, Vol. 6215, 2010, pp. 266-276.

[30] Piroozfard, H., Wong, K. Y., An Imperialist Competitive
Algorithm for the Job Shop Scheduling Problems, IEEE
International Conference on Industrial Engineering and
Engineering Management, (IEEM), 2014, pp. 69-73.

[31] Biabangard-Oskouyi, A., Atashpaz-Gargari, E., Soltani,
N., and Lucas, C., Application of Imperialist Competitive

© 2018 IAU, Majlesi Branch

Algorithm for Material Properties Characterization from
Sharp Indentation Test, International Journal of
Engineering Simulation, Vol. 10, No. 1, 2009, pp. 1-8.

[32] Yousefi, M., Mohammadi, H., Second Law Based
Optimization of a Plate Fin Heat Exchanger Using
Imperialist Competitive Algorithm, International Journal
of the Physical Sciences, Vol. 6, No. 20, 2011, pp. 4749—
4759.

[33] Mousavi Rad, S. J., Akhlaghian Tab, F., and Mollazade,
K., Application of Imperialist Competition Algorithm for
Feature Selection; a Case Study on Rice Classification,
International Journal of Computer Application, Vol. 40,
No. 16, 2012, pp. 41-48.

[34] Lucas, C., Nasiri-Gheidari, Z., and Tootoonchian, F.,
Application of an Imperialist Competitive Algorithm to the
Design of a Linear Induction Motor, Energy Conversion
and Management, Vol. 51, No. 7, 2010, pp. 1407-1411.

[35] Movahhedi, O., Salmasi, F. R., Optimal Design of
Propulsion System with Adaptive Fuzzy Controller for a
PHEV based on Non-Dominated Sorting Genetic and
Colonial Competitive Algorithms International Review of
Automatic Control, Vol. 2, No. 4, 2009, pp. 445-451.

[36] Niknam, T., Taherian Fard, E., Pourjafarian, N., and
Rousta, A., An Efficient Hybrid Algorithm based on
Modified Imperialist Competitive Algorithm and K-Means
for Data Clustering, Engineering Applications of Artificial
Intelligence, Vol. 24, No. 2, 2011 pp. 306-317.

[37] Mozafari, H., Abdi, B., and Ayob, A., Optimization of
Transmission Conditions for Thin Interphase Layer Based
on Imperialist Competitive Algorithm, International
Journal on Computer Science and Engineering, Vol. 2, No.
7, 2010, pp. 2486-2490.

[38] Arora, J. S., Introduction to Optimum Design, Fourth
Edition, Academic Press.

[39] Mahmoodabadi, M. J., Taherkhorsandi, M., and Bagheri,
A., Optimal Robust Sliding Mode Tracking Control of a
Biped Robot based on Ingenious Multi-objective PSO,
Neurocomputing, Vol. 124, 2014, pp. 194-2009.

[40] Bisheban, M., Mahmoodabadi, M. J., Pareto Optimal
Design of Decoupled Sliding Mode Control based on a
New Multi-Objective Particle Swarm Optimization
Algorithm, Amirkabir International Journal of Science &
Research (Modeling, Identification, Simulation &
Control), Vol. 45, No. 2, 2013, pp. 31- 40.



